IN T R O D U C T IO N
In coastal zones, highly contrasting habitats meet and biogeochemical processes interact, often leading to a combination o f high productivity and biodiversity (Crossland et al. 2005 ) and conflicting uses. Humanity has concentrated its activities in coastal zones since the Paleolithic (Drake et al. 2011 ) and still does so today (Small and Nicholls 2003) . In the second half o f the 20th century, complex environmental problems manifested in these same narrow strips o f transition area (Crossland et al. 2005) . Societies throughout the world have struggled w ith these problems for a range o f often interdependent reasons such as spatial separation of, and time lags between, effect and ultimate cause in human activities; m ultidisciplinary complexity; involvement across and outside national boundaries andjurisdictions; and imperfections in the science-policy interface, which should otherwise enable wellinformed policy implementation and management o f the coastal zone. The latter issue in particular has been addressed through the application o f the systems approach framework (SAF; Hopkins et al. 2011 ; http://www.coastal-saf.eu). The SAF approach requires a balanced consideration o f the ecological, social, and economic (ESE) sectors that characterize coastal systems.
Our study traces nitrogen flows back to their sources in the Scheldt catchment because excessive loading is thought to have led to eutrophication o f the estuary and adjacent coastal waters, w ith increased blooms o f the nuisance alga Phaeocystis reported as a symptom (Billen et al. 2005 , Breton et al. 2006 ). In line w ith the SAF procedure (Hopkins et al. 2011) , stakeholder consultation helped us to focus on the policy issue o f nitrogen apportionment and to evaluate different options to reduce nitrogen loading across the catchment. This also matches the finding o f Lacroix et a I. (2007) that policies aiming at reducing algal blooms in the Belgian coastal zone should target nitrogen loading. Our aim was to deploy and evaluate the SPICOSA SAF procedure in our development o f a model suite (Lautenbach et al. 2009 ) to evaluate the effectiveness o f different measures in a comprehensive and spatially explicit way for the whole Scheldt River basin. The Scheldt is a trans boundary river; hence, the effects o f measures in one country may not add linearly to those taken downstream. Also, soils vary considerably in water and nitrogen retention across regions (Behrendt and Opitz 1999, De W it 2001) ; hence http://w w w .ecoloavandsocietv.org/vol17/iss2/art30/ measure effectiveness w ill vary. This ju stifie s our spatially explicit modeling o f the catchment. A similar modeling exercise has been carried out for the adjacent Seine River by Ducharne et al. (2007) , though w ithout explicit stakeholder consultation or consideration o f the coastal zone. In contrast, coastal models have generally lacked coverage o f the terrestrial hinterland (M oll and Radach 2003, Lacroix et al. 2007 ).
Our model suite consists o f a PCRaster-based drainage network coupled toa dynamic estuarine box model and a landuse model, both developed in EXTEND (ExtendSim). PCRaster (http://www.PCRaster.nl) has been used satisfactorily to model water and nutrient fluxes through a drainage network for several river basins (De W it 2001 , Pieterse et al. 2003 , Mourad et al. 2006 . A priori requirements for the model suite were: (1) to provide sufficient spatial resolution and representation o f different types o f land use included in the Scheldt basin; (2) to cover diffuse and point nutrient sources; (3) to include surface and groundwater flow; (4) to allow fle x ib ility in the inclusion o f different nutrient abatement measures; (5) to include economic land-use decisions by farmers, who can go bankrupt; (6) to include scenarios o f climate change and possible future societal development such as those in the IPCC Special Report on Emissions Scenarios (SRES; Berkhout and Hertin 2000 , Lorenzoni et al. 2000 , Busch 2006 , Van den Hurk et al. 2006 , Verbürg et al. 2006 . The adoption o f a scenario approach allows a flexible longerterm projection o f contrasting but plausible future development trajectories. We distinguish management options and scenarios because the former are w ithin reach o f policy (here called measures), whereas the latter are longerterm and larger-scale global change trajectories (i.e., scenarios) that are much harder to influence by national policy or local management. Our model suite includes scenarios and measures and allows their combination.
To enhance pol icy relevance, we assess which measures would lead to an economically efficient achievement o f a targeted reduction in total nitrogen concentration in the estuary and coastal sea. We use target criteria o f the European Water Framework Directive (RBO Schelde 2008), i.e., 0.46 and 0.22 mg N/L, respectively, as good ecological status and very good ecological status, for both estuarine and coastal waters. For the riverine section o f the Scheldt, the corresponding standards are 4 and 3 mg N/L, respectively, for summer mean total nitrogen concentrations (CIW 2008) . We compare the estimated loads from the Scheldt into the North Sea that result from a particular measure w ith those from the Engl ish Channel and the Seine, Thames, and Rhine rivers (Lacroix et al. 2007, Radach and Pätsch 2007) .
M E T H O D S

Study area
The coastal waters and estuary o f the Scheldt River receive inputs from a catchment that is highly heterogeneous in occupation pattern and land-use intensity. M ajor urban centers o f Antwerp, Brussels, Gent, Lille, and Mons alternate with mainly agricultural or peri-urban landscapes. Population density at the district level ranges from < 200 to 1000 inhabitants/km2 (Billen et al. 2005 (Billen et al. , 2009 . Agricultural land use is particularly intensive in Flanders and less so in northern France (Artois-Picardie), as indicated by cattle density and fertilization rates (respectively, > 100 vs. < 50 livestock un its/ km2 and -300 vs. < 100 kg N ha-^ y-^ o f nitrogen balance surplus in the 1990s; De Walle and Sevenster 1998, Nevens et al. 2006 , Billen et al. 2009 ). A t the same time, the river's drainage network is engineered to accommodate various demands. The Scheldt has a length o f 350 km, its source is 100 m above sea level, and the mean freshwater discharge at the mouth is 150 m3/s. The basin has an area o f approximately 20,200 km2, which is shared by France, Belgium, and The Netherlands, each o f which has a different institutional water management system. These countries cooperate in the International Scheldt Commission (ISC, http://www.isc-cie.org ). In around 1970, the water quality o f the Scheldt was very poor, w ith annual oxygen depletion during summer and very high nutrient concentrations (Billen et al. 2005) . Since 1980, the water quality has improved , notably because o f increased domestic waste water treatment, but nutrient loads to the western Scheldt estuary and adjacent coastal North Sea are still considered high and a cause o f eutrophication (Billen et al. 2005 , Breton et al. 2006 .
Adoption o f the European Water Framework Directive (WFD) and the Marine Strategy Directive (Mee et al. 2008 , RBO Schelde 2008 has led to the need to further reduce the nutrient load to river, estuary, and coastal waters. This reduction can be realized in various ways, and a range o f potential measures is currently considered (CIW 2008) in conjunction w ith flood control. Local experiments are presently being monitored, including the inundation polders o f Lippenbroek and Kruibeke (peak discharge flood control areas; Cox et al. 2006) .
Stakeholder consultation
Institutional public sector stakeholder representatives from all countries sharing the catchment were consulted to decide upon the policy issue to be addressed during a one-day, open, structured brainstorming session on October 9, 2007. Public sector, commercial, and industrial stakeholders were derived from a long-1 ist held by the ISC and were invited in w riting to send a representative. Notably, authority representatives responded to the invitation. The SAF study site team prepared a long-1 ist o f 10 potentially relevant policy issues based on an http://w w w .ecoloavandsocietv.org/vol17/iss2/art30/ internal review o f the issues on the agenda o f recent ISC meetings, local policy documents, and expert knowledge o f the team. During the brainstorming session, participants were first introduced to the SAF approach and then allowed to reorganize the list or add new issues. This was followed by a discussion to clarify each issue and ensure its proper interpretation in a plenary round. Finally, a sticker-voting round was used to prioritize the issues. Votes o f the SAF team and stakeholder representatives were tallied separately (Table  1) , and the latter had precedence in our final choice. Two issues had high priority (Table 1 ), but climate-proofing was mainly voted for by SAF team members; hence, we adopted trans boundary nitrogen apportionment as the major policy issue in this study. During the subsequent phase o f model development, two progress consultations took place w ith the major institutional stakeholders responsible for water quality, i.e., the Vlaamse M ilieu Maatschappjj (V M M ) for Flanders, Direction générale des Ressources naturelles et de l'Environnement (DGRNE) for Wallonia, Brussels Instituut voor M i I ieubeheer (B I M) for Brussels, the Waterdienst for the Netherlands, and the Agence de I'eau Artois Picardie for France. A t the end o f the project, the SAF team presented model outputs and interpretations to the stakeholders.
Model development
After reach i ng consensus on the thematic pol icy focus, we f i rst set out to sketch conceptually (the design step in the SAF) and then articulate the model structure in terms o f elements and linkages, spatial extent and resolution, and data requirements. This required a number o f subsequent internal study team workshops. A complete formulation o f the model suite was ava i lable by January 2009 ina documentation report for review as part o f the SAF formulation step (see data portal at http:// www.spicosa.eu). During the subsequent calibration and verification phase, as part o f the appraisal step in the SAF approach, it was necessary to reiterate some aspects o f both the model structure and specific model formulations. In particular, the design o f farming decision-making components and essential interface component to link up PCRaster with the simulation model in ExtendSim required repeated finetuning.
Model suite structure
The model suite combines a component-based simulation model in ExtendSim w ith a gridded hydrological PCRaster model o f the full Scheldt catchment (Fig. 1 , Table 2 ). The components have been designed to be reusable for other simulation studies (De K oket al. 2010 ) and connect to a chain describing the income effect o f nitrogen abatement, subsequent changes in allocation to different farm types, and dispersal o f nitrogen in the western Scheldt estuary given the load at the river-estuary interface. Changes in the databases used by the components, including the type and number o f categories, are automatically processed by the model. The ExtendSim module governs the progress o f time and accommodates the general user interface w ith easy access to policy options, climate scenarios, simulation settings, and results.
For the PCRaster grid model, we closely followed the model structure o f De W it (2001) and Mourad et al. (2006) , which estimates for each grid point the nitrogen flu x due to diffuse and point sources into soil, subsoil, groundwater, and surface water. This is done using a temporal resolution o f 1 yr and a spatial resolution o f 1 km2. The drainage network generated by PCRaster (Fig. 2) closely resembled the real-world network, w ith the exception o f a highly altered and channelized section around the city o f Gent, where we had to make some manual adjustments. The suite runs for the period 2008-2038 and reports the depth-averaged mean annual total nitrogen concentration and water flo w as prime modeling output for a range o f stations along the river and estuary. Further details on the development and use o f the PCRaster component are provided by H. Van der Kwast (personal communication, see also http://www.spicosa.eu) .
Agricultural land-use decisions by farmers are modeled in ExtendSim in a separate farming economics module incorporating 10 different crop types, five livestock types, eight farm types, and five regions. Farm costs and benefits depend on market prices, manure levies, and transport costs. The p rofitability o f a farm type is assessed in comparison with a reference income. Farms that make a loss are closed, and their land is redistributed. Manure and fertilizer use can generate a soil surface nitrogen surplus, which is partly routed to the surface water through the groundwater compartments and compared with norms to signal the need to export manure or incur a fee. Start-up land allocation was allotted according to data provided by V M M . The agricultural model in ExtendSim runs at spatial units that combine sub-catchments and provinces. Land-use change data are forwarded to PCRaster as spatial masks to affect water flo w and nitrogen processes as well as the routing downstream to Hemiksem (Fig. 1) . Here, at the river-estuary boundary, the PCRaster output is passed to a simple ExtendSim estuarine box-chain model, w ith each box receiving side-inflows from sewage works effluent or polder outflows. Retention due to sedimentation and denitrification is pooled and modeled as a first-order process in each estuarine box. This does not match the complexity o f estuarine nitrogen dynamics (see Soetaert et al. 2006) but is satisfactory at the annual time scale used here. Source apportionment is done at the start o f the estuarine section (station Hemiksem, Fig. 2 ) and at the boundary between the estuary and the North Sea. Economic efficiency has been assessed by tentatively costing the different measures based on annualized investment costs at a set rate o f 4% over a 20-yr period (Broekx and De Kok 2011) . Costs are annualized at a set discount rate o f 4% over 20 yr (Broekx and De Kok 2011) . Historical agricultural data were obtained from De Walle and Sevenster (1998).
Scenarios and policy measures adopted
Based on a separate assessment by Vermaat et al. (20096) , the SAF team adopted a coupling o f SRES-societal change scenarios to meteorological climate change scenarios stipulated for the Netherlands and its surroundings by Van den Hurk et al. (2006) . The latter offers synthetic time series o f temperature and precipitation w ith daily time steps for each scenario, which are useful as standardized input for this and other modeling efforts (e.g., Te Linde et al. 2011). Van den Hurk et al. (2006) distinguish four scenarios based on divergences in temperature increase and westerly circulation. These are labeled G, G+, W, and W+, respectively, where G stands for a moderate and W for a stronger temperature and rainfall increase, and the + denotes a stronger westerly circulation. These climate scenarios have been equated, with some caution, to the SRES scenarios (for the Netherlands: Van den Hurk et al., 2006) . The tw o most strongly contrasting scenarios, G and W+, were included in the present model suite. These are taken to correspond roughly w ith two o f the four SRES scenarios, B1 and A2 (Busch 2006) . In the SRES exercise (Lorenzoni et al. 2000) and sim ilar scenario development studies (Busch 2006) , the world's socioeconomic development is deduced along tw o major dimensions: one o f development between either self-interest or solidarity, and the other on whether the world is globally oriented or regionally focused. Briefly, the A2 scenario foresees a regional ¡zed world o f self-interest, whereas B1 describes a further globalizing world w ith a stress on solidarity. Particularly in the latter, environmental concern and a focus on sustainability is thought Pieterse et al. (2003) system, implementing a reduction in stocking density and nutrient application rates w ill have an effect on nitrogen loading. See (2) Waste water treatment fa cilitie s in the Scheldt catchment are currently being improved, and the proportion o f households that are connected is being increased B uffe r strips along receiving streams are considered a potentially useful means to achieve nutrient retention. This measure involves wholesale im plementation o f buffer strips along agricultural lands bordering streams. These are taken out o f agricultural exploitation but not bought from the owner. A proportional retention o f 57% is derived based on a median buffer w idth o f 15 m and a median specific retention o f 5.4% m .
C IW (2008)
Verm aat et al. (2009a) to be important. Thus, we associated regionalized climate change patterns o f temperature and precipitation w ith w orld wide socioeconomic scenario trajectories.
The present model allows incorporation o f a range o f policy measures (Table 3) , which can be switched on or combined by the user. We have included substantial measures here in terms o f effort needed for two reasons. First, our interest is in realistic effort needed in individual sectors to meet the set water quality target. Second, seeking the extremes helps in understanding the potential width o f the policy measures. Climate scenarios and policy measures have been modeled separately because only the latter can be implemented locally, and hence, are w ithin the grasp o f policy makers. We also included a combination o f several measures, which must be considered an extreme societal effort. Because agriculture is well established as a major non-point source o f nitrogen in the Scheldt catchment, we identified three measures targeting this diffuse loading at two levels. A t the level o f farming practice, cattle density or fertilizer application can be reduced; at the level o f the landscape, nitrogen retention could be enhanced by implementing buffer strips along streams, where denitrification would be maximized (Vermaat et al. 2009a ). In our model runs, substantial reductions in agricultural N loading have been included as potential policy measures for three reasons: (1) the effects should be clearly visible in the target variable o f N load in the river, (2) substantial reductions in fertilizer use have been realized by farmers in the recent past (Oenema 2004) , and (3) zero-emission agriculture is seriously contemplated in policy (Oenema et al. 2010) . Because both domestic sewer connections in towns and treatment efficiency could still be improved in the Scheldt catchment at the time o f our study (Rousseau etal. 2004) , this option is included as a separate policy measure. A specific efficiency and a cost has been estimated for each measure ( Table 3) , allowing fle x ib ility in policy adoption and subsequent economic cost-benefit optimization. Current fertilizer application rates vary across the catchment, but those in Flanders are among the highest in Europe (Billen et al. 2009 ). This has led to a manure reallocation scheme in Flanders, which is also included in the ExtendSim module covering farmer land-use decision making.
RESULTS
Model performance
Observed annual flows and nitrogen concentrations along the riverine section as wel I as in the estuarine section o f the Scheldt were modeled very well (Figs. 3 and 4): slopes were not different from or were very sim ilar to unity, and intercepts did not differ from zero; hence, no systematic biases remained after calibration and verification. Also, the explained variances were high (r2 > 0.83), suggesting that model predictions combined high accuracy and precision. Relative to the standards set for total nitrogen, currently reported and modeled concentrations for the m ajority o f the sampled sites are too high. A t the same, time concentrations o f tota I N decl ine rapidly along the estuary toward the sea (Fig. 5) . 
Model outputs: effects of measures and scenarios
Irrespective o f the costs o f the measures involved, our analyses (Fig. 6 , Table 4) suggest that neither drastic cattle nor fertilizer use reduction alone would be sufficient to reduce the nitrogen load to the catchment sufficiently to lower the total nitrogen concentrations that are below < 2.5 mg/F in the riverine section. Only reduced domestic loading or a combination o f measures would reduce total nitrogen concentrations below the W FD target (Table 4 ). The approximate 75% load reduction realized by taking all measures (Fig. 6) would significantly reduce the total nitrogen concentrations at the top o f the Scheldt estuary at Hemiksem, throughout the estuary, and in the Belgian coastal zone (Fig. 5 ).
The two climate change scenarios, G and W+, resulted in load reductions very sim ilar to business as usual, where the W+ scenario combined this w ith an increase in nitrogen concentrations, presumably coupled w ith a somewhat larger decrease in river discharge.
Model outputs: source apportionment
Agricultural non-point and domestic point sources are the main contributors to the total nitrogen load when we pooled across the Scheldt basin, and they are approximately equally important. Onlythecom bined implementation o fa ll measures (2-5) would reduce the contribution o f agriculture to about one-third, but still requires most o f the 30-yr modeling period.
Modeled loads under the business-as-usual scenario (Table 3) are similar to those estimated by C IW (2008) as -11,000 for households and -15,000 for agriculture and present a gradual decline (Fig. 7) because o f current investments in surplus manure processing plants that have been incorporated under business as usual. A spatial breakdown to sub-basins implies that the sub-basins o f Flanders and Brussels together are presently responsible for approximately 50% o f the total load and that Wallonia accounts for one-third (Fig. 8) . Bufferstrips appear to have the least effect in the French part o f the Scheldt basin because implementation o f this measure in the upstream area has little effect because the net nitrogen surplus at the soil surface is much lower than elsewhere in the basin (Fig. 8) .
DISC U SSIO N
The satisfying verification o f our model predictions against observations o f flo w and nitrogen concentrations in both river and estuary suggests that our model suite can be used as a credible tool for policy evaluation. We discuss some o f the options available for policy makers but first argue for our application o f the SAF in our specific context.
Given the initial premise supported by our stakeholder representatives, i.e., that nitrogen loading o f river, estuary, and coastal waters is critical to water quality in these water bodies, and given the complicated interplay o f location, type, and importance o f the different sources across this international catchment, we cia im that our spatial source apportionment was necessary to meet the information demand. Clearly, inland human activities have a substantial impact downstream and need to be incorporated in a decision support tool for integrated We present a variety o f measures that could help reduce eutrophication in the Scheldt basin. These measures are technically achievable at moderate to major societal investments, and we provide a first estimate o f their costs (Table 4 , Figs. 5 and 6). It was beyond the scope o f our study to include possible socioeconomic impacts in society beyond the costs o f measures and the dynamics o f farming systems. For example, our climate scenarios modeled plausible precipitation and temperature patterns associated w ith the global economic SRES scenarios but did not implement the im plicit consequences o f these scenarios in demography, position on world markets, or energy consumption in the regions occupying the Scheldt catchment.
Although we suggest that nitrogen load reduction could also diminish undesired Phaeocystis blooms in the downstream coastal waters based on Lacroix et al. (2007) , we note that it is not yet clear to what extent the retention and internal dynamics in the estuary would be affected by changing external loads and nitrogen spéciation ). Because our model has annual time steps, nitrogen spéciation is not included in our ExtendSim estuarine box model. There is no doubt that this estuary serves as an efficient nitrogen processing system by fueling denitrification, sedimentary retention, or both. The modeled major decline along the estuary is in agreement w ith the observations on the temporal development o f the gradient in nitrogen concentration made by Soetaert et al. (2006) . Our study o f the Scheldt is a clear case in support o f the classical textbook view o f the estuary as a filte r (Kennedy 1984) . This estuarine ecosystem provides human society w ith the services o f a natural biogeochemical reactor. In general, any human interference that may affect this functioning should be evaluated cautiously.
Our source apportionment at the freshwater-estuary boundary o f Hemiksem suggests that Flanders and Wa I Ionia are the two major contributors and that domestic point sources and agriculture still have comparable importance in the Scheldt basin. This is in distinct contrast w ith the m ajority o f neighboring catchments (Seine, Meuse, Rhine, Weser, Elbe; Behrendt and Opitz 1999 , Billen et al. 2001 , De W it 2001 , where agriculture is currently the major nitrogen source.
Our analysis suggests that the effects o f different policy measures directed on non-point agricultural sources are quite sim ilar (-75% o f load remains after 30 yr), whereas a feasible and cost-efficient increase in the degree o f sewage treatment would reduce the nitrogen load more strongly (to 47%; Table  4 ). Also, in the business-as-usual scenario, the nitrogen load is slightly reduced. Improved sewage treatment or a combination o f the modeled measures appear to be sufficiently effective to reach the W FD target (Table 4) , but only over a considerable time span: after 24 yr for improved sewage treatment, and 14 yr for the combination o f measures. This is in line w ith the formal derogations (i.e., the European Commission's agreed-upon extension o f the time to reach the W FD water quality target) requested in the river basin management plans o f most regions (according to the ISC). The relative cost-efficiency o f measures is only tentatively compared here, using annualized cost per proportion o f load reduction (Table 4) . Quite notably, the three measures o f fertiiizer-use reduction, improved sewage connection, and use o f buffer strips appear considerably less expensive than the (Figs. 4 and 6 ). This is probably because o f uncertain estimates o f water exports toward Dunkirk at the French-Belgian border and toward Western Flanders at Gent and the neglection o f in-stream retention w ith these ful I-catchment instantaneous balance estimates (Olde-Venterink et al. 2003 , Billen et al. 2005 . Only this order-of-magnitude comparison isjustified because confidence intervals around our cost estimates are unknown. Nevertheless, these findings are useful in guiding policy development and decision making. Finally, our implementation o f the more extreme W + climate change scenario does not seem to have a major effect on the nitrogen concentration in the Scheldt, at least for the 30-yr time span until 2038 (Fig. 6 ). 
Responses to this
